Several populations were typed for the hypervariable region II (HVRII) of the mitochondrial DNA (mtDNA) control region using immobilised sequence-specific oligonucleotide (SSO) probes. A total of 16 SSO probes was used to type 1081 individuals from eight different ethnic groups (African Americans, Somali, US Europeans, US Hispanics, Bosnians, Finns, Saami and Japanese). Data was compared with already published sequence data by analysis of principal components, genetic distances and analysis of the molecular variance (AMOVA). The analyses performed group the samples in several clusters according to their geographical origins. Most of the variability detected is assigned to differences between individuals and only 7% is assigned to differences among groups of populations within and between geographical regions. Several features are patent in the samples studied: Somali, as a representative East African population, seem to have experienced a detectable amount of Caucasoid maternal influence; different degrees of admixture in the US samples studied are detected; Finns and Saami belong to the European genetic landscape, although Saami present an outlier position attributable to a strong maternal founder effect. The technique used is a rapid and simple method to detect human variation in the mtDNA HVRII in a large number of samples, which might be useful in forensic and population genetic studies.
Introduction
Since the publication of the complete sequence of the human mitochondrial genome, 1 mitochondrial DNA (mtDNA) has been used in forensic identity testing [2] [3] [4] and especially in human population studies. [5] [6] [7] [8] [9] [10] [11] [12] For these purposes mtDNA is particularly useful due to its unique properties, such as high number of copies per cell, maternal inheritance pattern, lack of recombination and its fast substitution rate. Different approaches for typing mtDNA have been used in these analyses: basically, low and high resolution restriction enzyme studies as well as DNA sequence analysis of the control region. A dot blot approach using sequence specific oligonucleotide (SSO) probes has also been described.studies have focused on the first of the two hypervariable regions (HVRI and HVRII) within the control region. This is due to the slightly higher level of polymoprhism at HVRI compared to that of HVRII. Although fewer data are available regarding the diversity of HVRII at a population level, many of its positions are polymorphic and useful in establishing mtDNA diversity.
Whilst the restriction enzyme, DNA sequencing, and dot blot methods provide valuable diversity information, they screen less than 20% of the whole mtDNA sequence. To determine the diversity of the complete sequence of the mtDNA genome, approaches such as the microchip sequencing technique 14 will need to be employed. However, until this technique is available and validated, simple methods allowing rapid typing of mtDNA would be of utmost importance for forensic and molecular genetic laboratories that screen a large number of samples.
In this paper we demonstrate that a modified dot blot approach in which SSO probes are immobilised on membrane strips can be a rapid and powerful technique to detect the major mtDNA HVRII variants. This method was used to type mtDNA from several human populations and these data were compared to published mtDNA sequence data for HVRII. We also describe the variation observed among the populations analysed.
Materials and Methods

Population Samples
A total of 1081 individuals from eight populations were typed: 200 African American individuals, 200 individuals living in the US with European ancestry, 200 US Hispanic individuals, 90 Somali, 89 Japanese, 104 individuals from Bosnia, 104 Finns and 94 Saami from the Kola Peninsula. Genomic DNA was extracted from whole blood using standard methods. 15 Published population data on HVRII mtDNA sequences was used in comparison with the present results: Mandenka, 16 British, 17 Tuscans, 18 Havik, 19 Indonesians, 20 Papua New Guineans, 20 Ngobe, 21 Huetar 22 and Mapuche. 23 This data set was selected in order to represent most of the major continents and avoid population studies with small numbers of individuals.
Analysis of mtDNA Polymorphism
MtDNA HVRII was amplified by PCR using the primers HVIIL (5'CACCCTATTAACCACTCACG3') and HVIIR (5'CTGTTAAAAGTGCATACCGCCA3'). Both primers were biotinylated at the 5' end. Amplifications were performed using 100 ng of genomic DNA in a final volume of either 30 µl or 60 µl. The cycling conditions were as follows: an initial denaturation stage of 92°C for 12 min, 34 cycles of 92°C for 30 s, 60°C for 30 s and 72°C for 30 s, and a final extension stage of 72°C for 10 min.
Sixteen sequence-specific oligonucleotides immobilised on nylon membranes were used. These probes covered five of the most variable regions of HVRII and were named A, B, C, D and E (Table 1) as described by Stoneking et al. 13 Complete mtDNA haplotype frequencies are available upon request from DC.
Membranes were prehybridised in 3 ml of hybridsation solution (5 ϫ SSPE, 0.5% SDS) for 10 min at 55°C. After Table 1 Nucleotides distinguished by each of the probes in the five mtDNA HVRII regions tested (A, B, C, D and E). In all regions, the '1' probe is specific for the reference sequence. 1 The HVRII position number refers to the nucleotide substitution from the reference sequence detected by the specific probe. All the substitutions consisted of transitions except probe E2 that detects the insertion of one or more Cs at position 309 In cases where two hybridisation signals were obtained in SSO typing, the samples were sequenced for HVRI and HVRII regions in order to exclude contamination or find evidence for heteroplasmy. Sequence reactions were performed using Big Dye sequencing kit (PE Biosystems, Foster City, Ca, USA) and same primers as for DNA amplification. Sequence reactions were resolved by capillary electrophoresis and sequences determined using software dedicated for this purpose according to manufacturer' instructions (CE310, PE Biosystems, Foster City, Ca, USA).
Region Probe Sequence variation Position
A A1 -----A ------------ - A2 -----G ------------ 73G B B1 --------T ---C -T --------- - B2 --------C ---C -T --------- 146C B3 --------T ---C -C --------- 152C B4 --------C ---C -C --------- 146C/152C B5 --------T ---T -T --------- 150T B6 --------T ---T -C --------- 150T/152C B7 --------C ---T -C --------- 146C/150T/152C C C1 ----A -----T --C -A ------- - C2 ----A -----C --C -A ------- 195C C4 ----A -----C --T -A ------- 195C/198T C5 ----G -----T --C -G ------- 189G/200G D D1 -----------G ------------- - D2 -----------A ------------- 247A E E 2 309 > 7Cs
Statistical Analysis
Sequence variants and mtDNA haplotype frequencies were estimated by direct counting and genetic diversity 24 in each population was calculated according to the formula, h = (1 -Σx 2 ) n/(n -1), where x is the frequency of each mtDNA haplotype in the population and n is the sample size. The probability of two random individuals in a population having the same mtDNA haplotype is P = Σx 2 . F ST -related genetic distances based in the variant frequencies were computed between pairs of populations. 25 A neighbour-joining tree 26 was built from the genetic distance matrix by means of the PHYLIP 3.5c package, 27 and tree robustness was assessed through 1000 bootstrap iterations. 28 Principal component (PC) analysis was performed on the correlation matrix of the frequencies of each of the probes of the five regions analysed using the SPSS package.
In order to ascertain the proportion of the genetic variance due to differences within or between populations, genetic variance was hierarchically apportioned through the analysis of molecular variance (AMOVA) performed with the Arlequin program 29 and the significance of the estimated variance components was tested by 1000 iterations.
Results
Frequency of mtDNA Sequence Variants
Most frequently one of the SSO probes in each region gives a positive signal. However, some individuals carry sequence variants that do not hybridise with any of the probes and a zero is assigned to that region for the mtDNA haplotype. Therefore, there are 720 possible mtDNA haplotypes and we found 121 in the present sample set. All individuals presented unambiguous specific hybridisations except for seven individuals, who presented hybridisation of two different probes for the same HVRII region. These ambiguous samples were sequenced to assure the correct typing. None of the samples, however, were included in the further statistical analyses performed. In all cases the sequence variants, with two nucleotides in particular positions were observed in HVRII region. Furthermore, no such signals were observed in the HVRI region.
The frequencies of the sequence variants at the five HVRII mtDNA regions for the eight populations tested and for the populations used for comparison are shown in (Table 2 ). Some of the HVRII variants and mtDNA haplotypes detected by the specific SSO probes seem to be specific for some groups of populations. An A at position 73 (detected by probe A1) is associated with European haplogroups H and V according to Torroni et al. 8, 30 Position 73 is useful to classify phylogenetically the mtDNA lineages but unfortunately scanty knowledge of the HVRII variation compared with HVRI does not allow us to classify our samples in halplogroups already defined by HVRI positions. Samples presenting the CRS mtDNA haplotype seem also to belong exclusively to the European mtDNA pool. In our sample set African populations also present some specific HVRII variants such as 146C-150T-152C (probe B7), 195C-198T (probe C4) and 247A (probe D2), which could be useful to assign mtDNA lineages in admixture cases.
Sequence Diversity
Sequence diversity and the probability of two randomly selected individuals in a population having an identical mtDNA haplotype are shown in (Table 3) . Somali (0.960) show a high sequence diversity compared with the rest of the populations tested. This is consistent with the high diversity described in African populations also for several other genetic markers such as microsatellites, [31] [32] [33] [34] minisatellites, 35 nuclear haplotypes 36 and Alu insertions. 37 The other African sample, the Mandenka, presents a sequence diversity (0.925) similar to that which is present in the European and Asian populations. The Saami presented a very low sequence diversity compared with the rest of the European groups sampled, because of the high frequency of a single mtDNA haplotype. Native American populations used for comparison also presented very low sequence diversities consistent with other studies, Human mtDNA HVRII variation using SSO probes D Comas et al t 
Genetic Distances Between Populations
Genetic distances were calculated and their representation in a neighbour-joining tree is shown in Figure 1 . The tree shows several clusters according to the major geographical areas. Within the African group, the Somali reveal the shortest distances to the European populations compared with the rest of the African samples. One interesting feature is the position of the US samples: African Americans cluster clearly with the African samples and US Europeans cluster with the European groups, with robust supports in their nodes, whereas the position of the US Hispanics is much more ambiguous. The outlier position of the Saami within the European cluster is also noteworthy.
Principal Component Analysis
Principal component (PC) analysis was performed to characterise the extent of the differences in the frequencies of each probe for the five HVRII regions and to identify the variants responsible for the differences observed. A total of 16 a priori statistically N: number of individuals; n: number of different mtDNA haplotype found; h: genetic diversity with its standard deviation; P: probability of mitotype identity between two randomly chosen individuals in the same population.
Figure 1 Neighbour-joining tree of several worldwide populations for the mtDNA HVRII. Bootstrap supports percentages over 50% after 1000 iterations are shown in the nodes of the tree
Human mtDNA HVRII variation using SSO probes D Comas et al t independent alleles for a set of 17 worldwide populations was used in the PC analysis. Figure 2 shows the two-dimensional plot of the first two PC axes, which accounts for 55.4% of the variance observed. Several clusters could be observed: African populations, European groups, Native Americans, and Asian and Pacific populations. The first principal component clearly separates the African groups from the rest of the populations studied. The singularity of the African groups is defined (with an absolute correlation higher than 0.7) by low frequencies of the probes C1 and D1, and high frequencies of B4, C2, C4, C5 and D2. In fact, the correlation of D2 with the first axis was greater than 0.95, showing the importance of position 247 of the HVRII in defining the African populations. The second principal component separates the European groups from the rest of the populations tested. European populations are defined (with an absolute correlation greater than 0.7) by high frequencies of A1 and B1, and low frequencies of A2. In order to clarify the relationship between Finns and Saami, two of the outlier populations in Europe according to classic genetic markers, 38 PC analysis was performed using only the European samples tested and some other sequence data samples available for comparison (30 Bulgarians, 39 200 Germans, 40 and 101 Austrians 41 ). The two-dimensional plot of the first two PC axes is shown in Figure 3 . These two axes account for 64.5% of the variance observed. The only population that seems to have special characteristics within the European samples is the Saami, whereas the Finns remain within the rest of the European populations.
AMOVA Analysis
In order to clarify the hierarchical apportioning of the genetic variance for the mtDNA haplotypes in the populations analysed, the AMOVA test 42 was performed. Most of the variation (93.8%) was due to differences between individuals within the populations, whereas the proportion of the variance due to differences among populations was 6.2% (P < 0.0001). This result is in agreement with other genetic markers such as classic markers 43, 44 and microsatellites. 45 As an approximation to the hierarchical structure, the populations were split into five groups: African, comprising Mandenka, Somali and African American samples; European, comprising all the European populations and US Europeans; Native American including the US Hispanics; South-East Asia and Pacific populations, comprising Indonesians and Papua New Guineans; and the rest of the Asian populations. As previously shown, when all populations were treated as a single group, most of the variance (93.1%, P < 0.0001) remained within populations, whereas 3.8%. (P < 0.0001) was due to differences among populations within the same group, and a 3.1% (P < 0.0001) was due to differences among the five established groups of populations.
Discussion
In the present study, seven of the 1081 individuals showed positive hybridisation for two probes of the same HVRII region. The presence of a second signal could be due to cross-hybridisation, contamination of the sample with mtDNA from a second individual, or heteroplasmy. Cross-hybridisation as the source of the second signal can be ruled out because the assay conditions have been set to avoid cross-hybridisation and other strips typed at the same time with the same reagents did not show additional signals. The HVRII region of these seven samples was sequenced, and the ambiguous positions detected by SSO probe hybridisation assay showed two different nucleotides. The HVRI region of these samples was also sequenced to reject the possibility of contamination of the samples and there was no evidence of a second contributor at any position in HVRI. Therefore, the likelihood that the second signal is due to contamination is extremely low. The most likely explanation for these results is heteroplasmy, the presence of more than one mtDNA type in the same individual, which may be more common than generally believed. [46] [47] [48] [49] [50] In the present study, approximately 0.7% of individuals appear to be heteroplasmic at positions in HVRII that are detected by these SSO probes.
mtDNA Diversity in East Africa
No population data are available for the mtDNA HVRII in East Africa except for the present Somali sample. It has been suggested that East African populations, mainly Ethiopians and Somali, have been affected by a strong Caucasoid influence. Cavalli-Sforza et al, 38 estimated from classic autosomal genetic markers that the East African genetic pool is approximately of 60% sub-Saharan and 40% Caucasoid origin. Recent data, based on mtDNA RFLPs and Y chromosome polymorphisms, 51 suggest that the Caucasoid influence in Ethiopians occurred predominantly through males, although a proportion from 5.4% to 27.0% of the mtDNA haplotypes could be attributed to Caucasoid lineages. Moreover, in a neighbour-joining tree of 15 sub-Saharan, two North African and two European populations for the mtDNA HVRI sequences 52 a Somali sample 12 appears in an intermediate position between sub-Saharan groups and the cluster composed by European and North African populations. Our Somali sample presents features that clearly locate it close to the African samples, but European features are also evident. First, high frequency of A at position 73 
Admixture in US Samples
During historical times, significant admixture between populations has occurred in the United States. Native Americans, Europeans and African populations contributed mainly to the genetic gene pool of the existing populations of the US.
The degree of admixture seems particularly high in the US Hispanic group compared with African Americans and US Europeans. Our results show that US Hispanics mtDNA lineages share some basic features with Native American populations, as suggested by previous studies, 54 such as the same frequency pattern of most of the variants and the high frequency of some uncommon mtDNA haplotypes. However, some specific variants from Africa and Europe found in US Hispanics, some specific mtDNA haplotypes from Europe and Africa found in this group, and its uncertain position in the neighbour-joining tree and PC analysis suggest that the US Hispanic sample is a very heterogeneous group and the level of admixture between several groups might have been very important in historical times.
Through all the present analyses, African American and US European samples display African and European features respectively, showing that the degree of admixture of these groups with the surrounding populations has not been enough to dilute their original mtDNA characteristics. In order to make a rough estimation of the level of admixture in these populations, the triangle distance matrix approach 38 was used. Using British and Mandenka as ancestors for the European and African lineages, respectively, the proportion m of African lineages in the present US European sample was m = 0.08, whilst the proportion of European lineages in African Americans was m = 0.22. This value is similar to previous estimates based on polymorphic protein-coding genes 55 where the European genetic component in African Americans was around 25%.
Finns and Saami within the European Genetic Landscape
Studies of allele frequencies of classical markers have shown that the Finns are an outlier in the homogeneous genetic European landscape. 38 But analyses of the mtDNA 10, 11, 30, 56 and microsatellites 57 have shown that their maternal lineages belong clearly to the European gene pool. In the present analysis, the Finns cluster with the rest of the European populations and as shown in previous mtDNA studies no distinct features differentiate them from the rest of the European samples. On the other hand, the mtDNA lineages of the Saami, another European genetic outlier for gene frequencies studies, 38 seem to have a more controversial origin. Some mtDNA studies suggest that the Saami have a distinct history from that of other groups in Europe, 10 whereas others suggest that the Saami mtDNA gene pool appears to be basically European with a small influence of Western Central Asian populations. 30 In the present mtDNA analysis, the Saami seem to share common characteristics with the rest of the European populations, but have some distinct features in the frequencies of the sequence variants and an outlier position in the neighbour-joining tree of populations, and in the PC analysis centred on Europe. The outlier position of the Saami could be explained basically by the high incidence of the 73G-150T-309(7Cs) mtDNA haplotype that might be attributed to a strong founder effect in the maternal lineage. There are no data available for the mtDNA HVRII in Western and Central Asian populations, thus it is difficult to infer the possible maternal influence of those populations in the present Saami mtDNA gene pool.
To conclude, immobilised SSO probes are useful, rapid and simple means of detecting human mtDNA HVRII variation for population studies and forensic Human mtDNA HVRII variation using SSO probes t identification. Sequence analysis and high-resolution RFLP analysis have been proved to be very powerful in detecting human mtDNA variaiton but these methods are not simple and rapid to perform when a large number of samples has to be typed. Although it may be worthwhile to design additional probes to minimise further the frequency of blanks, the present technique is easy to perform in population studies and large-scale forensic cases where large numbers of samples have to be typed.
